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Abstract

The α-decay of plutonium in Pu-Ga alloys continually generates inert He atoms within the lattice of the Pu-Ga matrix. In naturally
aged Pu specimens, those He atoms form into bubbles, He-filled vacancy clusters, with a characteristic size distribution centered
near 1.4 nm. Upon annealing, the He bubbles are subject to temperature induced changes in the thermodynamic parameters
governing their size, which results in a coarsening of the bubble distribution yielding a lower bubble density but larger average
bubble sizes. Herein, we investigate, by means of transmission electron microscopy, the coarsening of He bubbles with several
annealing treatments. Micrographs subsequent to the annealing treatments as well as in situ observations implicate migration and
coalescence as the mechanism for He bubble coarsening with annealing.
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1. Introduction

The evolution of inert gas bubbles in metals has impor-
tant implications on the evolution of the mechanical prop-
erties of nuclear materials as well as materials in highly
irradiating environments, such as those expected in next-
generation nuclear reactors [1,2]. With low solubilities in
most metals, inert gases accumulate within the lattice as
bubbles, the sizes of which are determined by the interfa-
cial surface energy of the bubbles, the degree to which the
lattice can accommodate induced strain from the bubbles,
and the internal pressure of the bubbles [3]. Internal pres-
sures of He bubbles have been reported to range up to tens
of kbar [4,5]. The presence of gas bubbles in metallic lat-
tices can profoundly alter the mechanical properties and
strength of materials leading to embrittlement, swelling,
and blistering [2,6,7]. These negative consequences are con-
trolled, at least partly, by the thermodynamics and kinetics
of bubble formation, growth, and migration, all of which
can be strongly temperature dependent [8,9]. The behav-
iors of gas bubbles are thus important components of any
evaluation of the effects of irradiation-induced aging in a
material, nuclear or otherwise.

In Pu-Ga alloys composed primarily of 239Pu, He is ac-
cumulated at a rate of approximately 41 atomic parts per
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million per year through the α decay of the 239Pu isotope
[10,11]. This self-irradiating decay process annihilates a Pu
nucleus, ejecting two particles into the surrounding lat-
tice: a 5 MeV α particle, which dissipates its energy mostly
through heat transferred to the lattice through electronic
excitations; and a recoiling, 86-keV 235U nucleus, which
dissipates most of its energy through lattice collisions [12].
Those lattice collisions generate thousands of interstitials
and vacancies (Frenkel pairs) [13] before the U ion comes
to rest, leaving in its wake a damage cascade affecting a
volume roughly 15 nm in diameter [14]. While the lat-
tice recovers rapidly near room temperature through self-
annealing—retaining only a small fraction of the original,
radiation-induced defects [15,16]—the α particles acquire
two electrons and remain as He atoms captured in the lat-
tice, predominantly at lattice vacancies directly after the
decay event [17,18].

During natural aging near room temperature, the
vacancy-occupying He atoms (or He-filled vacancies) are
mobile, capable of moving throughout the Pu matrix with
a diffusive activation energy (∼0.7 eV) associated with the
occupied vacancy [19]. When two diffusing He-filled vacan-
cies meet, a He bubble comprising two He atoms is nucle-
ated. The driving force for this nucleation is likely provided
by the energy reduction associated with the formation of a
di-vacancy or the destruction of one of the original vacan-
cies, with the latter scenario liberating significantly more
energy. The nucleated He bubble will then grow through
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this diffusive mechanism by aggregating other He-filled
vacancies. This growth process is naturally limited, and
He bubbles are expected to reach an equilibrium size de-
fined by internal pressure, surface energy, and lattice yield
stress. Indeed, transmission electron microscopy (TEM)
observations of aged Pu-Ga alloys indicate that the dis-
tribution of He bubble diameters is narrow and strongly
peaked near 1.4 nm, a value that moves little with material
age between roughly 20 and 40 years [20].

Previous optical metallography experiments performed
on aged Pu-Ga alloys by Wheeler and Bayer indicate that
higher annealing temperatures favor an increase in He bub-
ble diameter [21]. While the general trend of increased bub-
ble size with increased temperature is concordant with the
expected temperature-dependent evolution of the param-
eters controlling bubble size, it is perplexing that bubble
diameters following a 500 ◦C/336 hr. anneal were reported
to approach 60 µm, greater than four orders of magnitude
larger than the equilibrium size at ambient temperature
[20]. Furthermore, Wheeler and Bayer postulate, by com-
parison of activation energies, that bubble growth during
annealing occurs via Ostwald ripening as well as an uniden-
tified mechanism that led to the formation of large break-
away bubbles. Reconciling the reported high-temperature
behavior of He bubbles with those seen at ambient temper-
ature is important to understanding the energetics associ-
ated with the aging of Pu.

In order to further elucidate the evolution of He bubbles
in Pu-Ga alloys with high-temperature heat treatments,
we have performed a series of annealing experiments on
aged Pu-Ga alloys in the temperature range 250 ◦C to
450 ◦C using transmission electron microscopy. An increase
in the average diameter and a decrease in the number den-
sity of He bubbles is observed for anneals above 375 ◦C.
The largest average He bubble diameters, observed follow-
ing a 425 ◦C/24 hr. anneal, are approximately 15 nm, in
stark contrast to the 700-nm diameter bubbles reported by
Wheeler and Bayer for a similar 400 ◦C/16 hr. anneal [21].
Analysis of the annealing experiments as well as in situ
TEM observations strongly support a migration and coa-
lescence mechanism for He bubble coarsening.

2. Experimental Details

Specimens for TEM experiments were prepared from 42-
and 20-year-old Pu-3.3 at.% Ga alloys using previously re-
ported methods [20,22,23]. After initial characterization,
the samples were annealed in a vacuum furnace with the fol-
lowing annealing schedules: 250 ◦C for 2 and 24 hours (42-
year-old specimen), 325 ◦C for 2 and 24 hours (42-year-old
specimen), 375 ◦C for 90 hours (20-year-old specimen), and
425 ◦C for 2 and 24 hours (42-year-old specimen). Follow-
ing the annealing treatment, the samples were returned to
room temperature and examined in the TEM. Additional
in situ annealing experiments on 42-year-old samples were
performed within the TEM using a Gatan hot stage.

TEM characterization was accomplished with a Philips
CM300 FEG TEM operated at 300 kV. Images were ac-
quired using a Gatan imaging filter in combination with
a CCD camera. Helium bubbles were resolved in a non-
diffracting condition using the Fresnel imaging technique,
which permits the observation, in the over- or under-
focused condition, of strain fields associated with the
otherwise irresolvable He bubbles [20]. The He bubbles in
the micrographs were analyzed in ImageJ to determine the
distributions of bubble diameters and bubble densities.

3. Results and Discussion

3.1. Temperature-dependent bubble properties

Example bright-field micrographs resulting from the
TEM characterization are shown in Figure 1. He bubbles
can be resolved as circular, white objects within the darker
matrix corresponding to the Pu-Ga matrix. Figure 1a is
representative of the He bubble configuration expected
for the naturally aged alloys examined. Bubbles have a
characteristic average size of approximately 1.4 nm and an
average number density of about 94 x 1015 bubbles/cm3,
consistent with previously reported values for as-aged ma-
terial. Additionally, Figures 1b-f show, respectively, repre-
sentative micrographs for the following annealing sched-
ules: 325 ◦C for 2 hrs., 325 ◦C for 24 hrs., 375 ◦C for 90
hrs., 425 ◦C for 2 hrs., and 425 ◦C for 24 hrs. Images from
a 250 ◦C anneal look nearly identical to those correspond-
ing to the naturally aged condition and, as such, have been
excluded for brevity. The images of Figure 1 clearly show
a tendency for increased bubble size and decreased bub-
ble density with increasing annealing temperature. There
was no evidence for large, micron-sized bubbles as seen
by Wheeler and Bayer for comparable annealing schedules
[21]. The images of Figure 1 were analyzed to determine the
distributions of bubble diameter and bubble density, the
values of which are given in Table 1 and shown in Fig. 2.

The parameters determined from numerous TEM images
are plotted in Figure 2. The average number density of
He bubbles increases slightly for 2-hr. anneals up to 250
◦C, above which the number density begins to drop off
with increasing anneal temperature. In the case of 24-hr.
anneals, the number density of bubbles follows a similar
trend to that of the 2-hr. anneals, but with tendency for
lower bubble density at a given temperature. By 425 ◦C,
the number densities from both 2- and 24-hr. anneals are
comparable. The He bubbles remain near their naturally
aged size for annealing temperatures up to approximately
325 ◦C. For annealing temperature greater than 325 ◦C,
the average size of the He bubbles grows rapidly, increasing
by nearly an order of magnitude in size between 325 ◦C
and 425 ◦C for 24-hr. anneals. With increasing annealing
temperature, a distinct gap in the behavior of the bubble
growth begins to develop between the data for 2- and 24-hr.
anneals (solid blue line vs. dashed blue line in Fig. 2).
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Fig. 1. Bright-field TEM micrographs of He bubbles in naturally aged and annealed Pu-Ga specimens. Each micrograph spans a 160 x 160

nm area, the scale bar is included only in (a). The He bubbles are seen as white, circular objects within the darker, grey matrix of the Pu-Ga
specimen. The individual panes correspond to specimens undergoing the following annealing treatments: (a) naturally aged, (b) 325 ◦C for

2 hrs., (c) 325 ◦C for 24 hrs., (d) 375 ◦C for 90 hrs., (e) 425 ◦C for 2 hrs., and (f) 425 ◦C for 24 hrs.

3.2. Conservation of He residing in bubbles

Helium bubble coarsening in Pu-Ga alloys is generally
thought to occur through one of two mechanisms [24]: Ost-
Table 1
He bubble parameters extracted from statistical analysis of the bub-

ble distributions for various annealing schedules. With the exception
of the naturally aged sample (Nat. Aged), the annealing schedules

are given in the left column in the format of T/t, where T is the

annealing temperature and t is the annealing time.

Mean Diameter Number Bubbles

Diameter Std. Dev. Density Counted

(nm) (nm) (1015 cm−3)

Nat. Aged 1.4 0.4 94 1378

250 ◦C/2 hrs. 1.3 0.4 199 2212

250 ◦C/24 hrs. 1.3 0.3 113 663

325 ◦C/2 hrs. 1.4 0.5 142 2558

325 ◦C/24 hrs. 1.4 0.7 90 1726

375 ◦C/90 hrs. 5.2 1.9 7.4 199

425 ◦C/2 hrs. 7.9 3.9 12.1 1179

425 ◦C/24 hrs. 10.9 4.4 7.3 371

wald ripening (OR)—wherein larger bubbles expand at the
expense of smaller bubbles, with individual He atoms diffus-
ing through the lattice from small to large bubble [25]; and
bubble migration and coalescence (MC)—wherein bubbles
move through the lattice via surface diffusion, and grow
by coalescing during collisions with one another [26]. In
the latter case, MC, the amount of He residing in bubbles
must be conserved, as He does not exit the confines of a
bubble during collisions. In the former case, He atoms do
leave the confines of the bubble, but may do so in a small,
nearly undetectable quantity. As such, it is difficult to rule
out the possibility of an OR mechanism simply by examin-
ing, through TEM micrographs, whether the number of He
atoms residing in bubbles is conserved. However, for MC
to be a valid mechanism for bubble coarsening in Pu-Ga
alloys, the amount of He residing in bubbles must be con-
served.

If the number of He atoms residing in bubbles is con-
served, then the bubble number density and average bubble
diameter are intimately linked by the total He content of
the system, NHe. Accounting for the He atoms in bubbles
takes the form of:
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Fig. 2. Measured (red, closed or open circles, left axis) and calculated
bubble density (black, dashed or solid lines, left axis) normalized to

the naturally aged value and mean bubble diameter (blue symbols,

right axis) as functions of annealing temperature. Data and calcu-
lations corresponding to 2-hr. anneals are shown as closed symbols

connected with dashed lines, while 24-hr. anneals are represented

by open symbols connected with solid lines. The data point for the
bubble diameter at 375 ◦C was determined after a 90 hr. anneal.

The blue lines are smooth fits to the bubble diameter data, while

the black lines represent bubble densities calculated from the bubble
size distributions in accord with the conservation of He (see text).

NHe =
∑

r

NB
He(r)nB

r ,

whereNB
He(r) is the number of He atoms within a bubble of

radius r, nB
r is the number of bubbles having radius r, and

the summation is over all r. Each one of these parameters
is continuous, yielding an integral equation:

NHe =
∫ r

0

NB
He(r)nB

r dr. (1)

According to analysis of the TEM micrographs, the number
of bubbles with radius r is reasonably well represented by
a Gaussian:

nB
r =

H√
2πσ

e
−(r−rM )2

2πσ2 , (2)

where rM is the mean value of the bubble radius, σ is the
standard deviation of the distribution of bubble radii, and
H is a constant scaling the height of the distribution.

The number of He atoms within a bubble of radius r can
be expressed as:

NHe =
4
3
πρAr

3, (3)

where ρA is the volumetric He number density (i.e., num-
ber of helium atoms per unit volume) and the volume of
the bubble is assumed to be that of a sphere. The number
density of He atoms within a bubble is related to the bub-
ble pressure, PB , and temperature, T . Because the anneal
temperatures and bubble pressures are far in excess of the
critical temperature and pressure of He, the ideal gas law

can elicit large errors in the determination of the He num-
ber density. Instead, we use the Virial equation of state:

PB

kBT
= ρA +

∞∑
j=2

Bjρ
j
A,

where kB is Boltzmann’s constant and Bj are the jth Virial
coefficients, each of which can be a function of temperature.
Here, we truncate the Virial equation of state after j = 2,
yielding a quadratic equation:

PB

kBT
= ρA +B2(T )ρ2

A, (4)

which approaches the ideal gas law in the limit as B2 ap-
proaches zero. Ignoring the negative solution to Eq. 4, the
He number density can then be expressed as:

ρA(T, P ) =
1

2B2(T )

√
1 +

4B2(T )PB

kBT
− 1

 . (5)

Between 200 and 350 K, B2 for He is positive and weakly
temperature dependent, linearly decreasing only slightly
with increasing temperature [27]. This temperature depen-
dence can be extrapolated by a line:

B2(T ) = 12.612− 0.005T, (6)

where B2 is given in units of cm3/mole.
The pressure inside a He bubble is a function of the bub-

ble radius [8]:

PB(r) =
2
3
σy +

2γ
r
, (7)

where σy is the yield stress of the metal matrix and
γ≈1.4 x 10−4 J/cm2 is the surface tension of the bubble-
matrix interface that gives rise to the interfacial energy of
the bubble. The yield stress of δ-Pu is temperature depen-
dent, and, for a specimen with comparable Ga content and
preparation, has been reported to be linear with [28]:

σy = 1378.4− 1.9T,

where σy is given in bar and calculated using T in kelvin.
Combining the above formulae, Eq. 1 can be expressed

as a function of r:

NHe(T ) =
4πH

6
√

2πσ
1
B2

∫ r

0

√
1 +

4B2PB(r)
kBT

− 1


×r3e

−(r−rM )2

2πσ2 dr. (8)

(N.B. the explicit temperature dependence of B2 has
been suppressed in Eq. 8, but B2 should be considered
a temperature-sensitive quantity). The values of rM and
σ are implicitly temperature dependent, but the value of
NHe is conserved regardless of annealing temperature or
time. This means that given a bubble distribution corre-
sponding to an annealing temperature, He conservation is
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manifested through the bubble size distribution parameter
H.

With increasing annealing temperature, the evolution of
the parameter H is evidenced in the corresponding evolu-
tion of the He bubble density, DB , which is defined from
the bubble radius distribution as the total number of bub-
bles in the system, NB , divided by the system volume:

DB =
NB

V
=

1
V

∫ r

0

H√
2πσ

e
−(r−rM )2

2πσ2 dr. (9)

As He bubbles coarsen with increasing annealing tempera-
ture, the bubble size distribution evolves, dictating that the
He bubble density respond accordingly through the shared
dependence of NHe and DB upon H. As the bubble size
distribution shifts to higher bubble radius, the amount of
He contained in each bubble increases (driven by the vol-
ume increase), and the magnitude (heightH) of the bubble
size distribution must decrease in order to obey the conser-
vation of He. The decrease in the magnitude of the bubble
size distribution yields a decrease in the He bubble density.

This inverse relationship between average bubble size
and bubble density can be seen in Fig. 2, where the solid
and dashed black lines represent bubble densities calculated
from the measured radius distributions by use of Eq. 8. The
bubble density measurements (red symbols) bear out the
general trend expected for the evolution of the bubble den-
sity calculated from the size distributions, and the discrep-
ancies between the calculations and observations are cer-
tainly within error. Unfortunately, the error associated with
extracting the bubble density from the TEM micrographs is
relatively large. The TEM micrographs look through a vol-
ume of sample, therefore there is an error associated with
undercounting bubbles that may be occulted by bubbles
above. Furthermore, there is a substantial error in estimat-
ing the volume under examination. These errors lead to an
uncertainty in the bubble density of at least 30%, with the
majority of the uncertainty deriving from the error in the
volume estimate.

While it appears from Fig. 2 that the amount of He re-
siding in bubbles is likely conserved, supporting MC as a
mechanism, OR cannot be excluded due to the error as-
sociated with the bubble density measurement. Given the
large error in the measurements of bubble density, both
prevailing mechanisms for bubble coarsening, OR and MC,
remain plausible.

3.3. Time-dependent bubble observations

A fundamental difference between bubble coarsening
through MC and OR is the mobility of the bubble within
the Pu matrix. Because an OR mechanism transfers He
from small to large bubbles via He diffusion through the
lattice, the center of mass of the bubble is not expected
to move as the bubble changes size (i.e., loses or gains
He). On the contrary, a MC mechanism requires that the
center of mass of the bubbles move through the Pu ma-

Fig. 3. Bright-field, in situ TEM micrographs of He bubble evolution
as a function of time in a naturally aged Pu-Ga specimen at 450 ◦C.
Panels (a)-(e) show the time-dependent motion of the He bubbles

over a 5 second window. Bubbles of interest in (a)-(e) are marked by

circles in the neighboring panels (f)-(j). Bubble coalescence is clearly
visible in panels (e) and (j), where the two bubbles marked by red

circles are no longer discernible, the strain field is symmetric, and
the diameter of the strain field is increased.

trix. This qualitative difference between MC and OR is
a time-dependent phenomenon, therefore a time-resolved
measurement must be used to distinguish between the two
mechanisms of coarsening.

Time-resolved TEM micrographs show clear evidence of
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large-scale bubble migration (see Supplementary Online
Materials for videos), a necessary component of MC. The
bubbles appear to move randomly within the lattice, rem-
iniscent of Brownian motion of bubbles seen in other FCC
metals [29]. Bubbles can also pin on dislocations, ceasing to
be mobile for extended periods of time, as well as become
unpinned, regaining mobility within the matrix. Figure 3
displays a series of time-resolved bright-field TEM micro-
graphs of a Pu-Ga alloy at 450 ◦C. A clear signature of
bubble coalescence is captured in this series of images.

The left column of Fig. 3, panels (a)-(e), shows the evolu-
tion of several bubbles as a function of relative time steps,
denoted in the bottom left corner of each panel. The right
column of Fig. 3, panels (f)-(j), are identical to the left
column except for the circles labeling the positions of the
three specific bubbles. The right-most, blue circle denotes
a pinned bubble (approximately 7 nm in diameter), which
does not move with time and serves as an effective fiducial
point. This pinned bubble is likely collocated with a defect
that prevents surface diffusion. To the left of the pinned
bubble are two bubbles (each about 3.8 nm in diameter),
circled with two red circles in panels (f)-(j), that coalesce
5 seconds after the first image.

Within the first 2 seconds, the two mobile bubbles appear
to move away from each other, but then appear to coalesce
(Figs. 3c and h) after 3 seconds. However, one can see that
the strain field associated with the two bubbles is slightly
asymmetric, indicating that the bubbles are nearly aligned
in the horizontal image plane but offset along the vertical
direction. After 4 seconds, the bubbles are clearly separate
(Figs. 3d and i), and, finally, after 5 seconds, the two bub-
bles have coalesced into a single bubble (Figs. 3e and j).
The strain field identifying the bubble is clearly symmet-
ric, and the bubble diameter is approximately 42% larger
(5.4 nm in diameter) than the original bubbles, in excel-
lent agreement with the expected bubble diameter (5.2 nm)
calculated using the equations of Section 3.2.

4. Conclusions

In naturally aged Pu-Ga alloys, annealing at elevated
temperatures between 325 and 450 ◦C causes coarsening of
the He bubble distribution, decreasing the overall number
density of bubbles and increasing the average size of the
He bubbles. There is a time and temperature dependence
to the bubble coarsening, with longer times and higher an-
neal temperatures both having the effect of reducing the
bubble density and increasing the mean bubble size. Anal-
ysis of TEM micrographs subsequent to annealing treat-
ments is consistent with the conservation of He residing in
the He bubbles—which supports coarsening through MC,
but, due to the magnitude of measurement errors, does not
exclude OR as a coarsening mechanism. Time-resolved, in
situ TEM micrographs, however, clearly evince both bub-
ble migration and coalescence, leading to the conclusion
that MC is the primary mechanism by which He bubbles

coarsen in Pu-Ga alloys at these temperatures.
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